Abstract: Little is known about nitrous oxide (N 2 O) emission from silage corn (Zea mays L.). Studies have shown that controlled-release N fertilizers have the potential to reduce N 2 O emissions, compared with conventional N fertilizers. This 2-year field study compared N 2 O emissions from urea fertilizer and a slow-release polymer-coated urea (CRU) applied to silage corn on soils managed with conventional tillage (CT) and zero tillage (ZT). The study was conducted on a silty loam soil in the cool, moist climate of south coastal British Columbia, Canada, taking year-around measurements from static chambers. Over 2 study years there was a significant interaction between N sources and tillage methods; under CT there was no significant difference between CRU and urea (557 vs. Mots-clés : oxyde nitreux, maïs, ensilage, urée, enrobage de polymère, travail du sol.
Introduction
Agricultural production accounts for 74% of Canada's nitrous oxide (N 2 O) emissions, and N 2 O loss from soil management contributes 7% of Canada's total atmospheric greenhouse gas emissions (Environment Canada 2012) . Agricultural practices such as fertilization (mineral and organic) and tillage are thought to be the main drivers of the soil N 2 O emissions (Soon et al. 2011; Venterea et al. 2011) , and emission estimates in Canada have increased as a result of the increasing use of synthetic nitrogen (N) fertilizers (0.9 to 4.2 million tonnes from 1981 to 2010) (Eilers et al. 2010; Canadian Fertilizer Institute 2013) . Clearly, best management practices for fertilizers should aim to reduce N 2 O emissions.
Over the past decade, urea-based fertilizers have become the primary source of commercial fertilizer in Canada due to price and safety (Canadian Fertilizer Institute 2013) , but there are concerns that urea is a less effective N source for crops than ammonium nitrate because of greater losses by volatilization (Rawluk et al. 2001) . To improve N use efficiency and to reduce losses of N primarily as ammonia (NH 3 ), nitrate (NO 3 − ), and N 2 O, controlled-release forms of urea fertilizer (CRU) have been developed that include urease and nitrification inhibitors or coatings that influence release rates. For example, temperature-sensitive coatings made of polymers such as ESN (Environmentally Smart Nitrogen, Agrium Inc., Calgary, Alberta) applied to urea granules may control the release of N to match the demand of grain crops, thereby reducing residence time of ammonium (NH 4 + ) and NO 3 − in the soil (Blaylock et al. 2005 ). These products may also limit the rise in pH near the prill to reduce NH 3 volatilization (Rochette et al. 2013) . A recent meta-analysis of CRUs revealed that N 2 O emissions from urea were reduced by nitrification inhibitors (38%) and surface coatings (35%) but not by urease inhibitors compared with conventional urea (Akiyama et al. 2010) . There were few studies on polymer coatings included in the Akiyama et al. analysis.
There have been several recent studies on the effect of polymer-coated urea (PCU) on yield, N 2 O emissions, and N 2 O emissions per yield, referred to as emission intensity. For example, Gagnon et al. (2012) reported that grain corn yields were higher with PCU than with untreated urea in Quebec but the agronomic benefits of PCU were less consistent for small grain crops on the Canadian prairies, silage corn (Zea mays L.) in British Columbia, or potatoes (Solanum tuberosum) in New Brunswick (Soon et al. 2011; Grant et al. 2012; Zebarth et al. 2012) . Hyatt et al. (2010) reported higher potato yields and lower N 2 O emissions from PCU than from conventional urea on sandy soils in Minnesota. Soon et al. (2011) showed substantial N 2 O reductions from PCU in 2 years at one of two locations on the Canadian Prairies under both till and zero till (ZT) production of canola (Brassica napus) and barley (Hordeum vulgare L.). Halverson et al. (2011) reported 42% lower N 2 O emissions from PCU compared with conventional urea in irrigated grain corn under both ZT and strip till but there was no effect of PCU under conventional till (CT). Those results were in contrast to findings by Drury et al. (2012) for unirrigated grain corn in southern Ontario. They reported a tillage × urea formulation interaction in 1 of 3 years; in that year there were much lower N 2 O emissions from PCU with CT but little effect of urea forms with ZT. In that study, zone-tilled soil generally emitted less N 2 O than conventionally tilled soil, but the effect of ZT on emissions was inconsistent. Under ZT canola (B. napus) in Alberta there was a 20% reduction in N 2 O from PCU compared with conventional urea, but the effects of PCU were not always statistically significant (Li et al. 2012) . In contrast to the above studies, greater N 2 O emissions with PCU were reported for potatoes grown on tilled, medium-textured soil in New Brunswick . Although the effects of tillage on N 2 O emissions are not consistent (Soon et al. 2011) , increased N 2 O emissions under ZT remains a concern due to greater retention in soil moisture and compaction (Elmi et al. 2003) , and from an overall greenhouse gas perspective, the benefits of reduced tillage on soil carbon (C) concentration need to be balanced against the effects on emissions of N 2 O and methane (CH 4 ) (Ussiri et al. 2009 ).
South coastal British Columbia has a large dairy industry, which relies on silage corn for about half of its forage production. A combination of manure and urea fertilizer is often used for corn grown close to cattle housing, but usually only commercial fertilizer (urea) is used for more distant fields because of the high cost of transporting liquid manure. Despite the risk of loss of N by leaching and denitrification due to high rainfall, high N rates are often applied to ensure high yields. Most of the silage corn is grown with CT, although ZT may offer some advantages, such as less compaction on wet fields, earlier planting, lower production costs, and better soil quality including improved C content. Problems of ZT corn, including cold soils, reduced plant population and low yields (Lithourgidis et al. 2005) are associated with the large amount of crop residue left on the fields which keep the soils moist and cool. With silage corn production, there is little crop residue on the soil surface to delay soil warming or interfere with planting, and it is expected that with frequent rainfall in coastal BC, spring tillage would not substantially affect soil moisture or temperature. While there may be minimal difference in soil temperature between CT and ZT in silage corn production, the lack of C from crop residue in silage systems and greater bulk density under ZT would be expected to affect N 2 O emissions.
There are few published studies on emissions of N 2 O in silage corn fields (van Groenigen et al. 2004) , and the effects of tillage practices and CRU on the release of N 2 O in silage corn production are currently unknown. The objective of the study was to examine the effects of tillage and CRU on emissions of N 2 O from silage corn in a maritime climate. This study is the first to determine annual emission factors for N 2 O from a long-term, lowresidue silage corn system.
Materials and Methods

Field site
Year-long field trials were initiated in 2005 and 2006 at the Pacific Agri-Food Research Centre in Agassiz (49°24′N, 121°76′W) located in south coastal British Columbia, Canada. The region has a maritime climate with cool, wet winters and relatively dry summers and average annual precipitation of 1755 mm (Fig. 1) . The silty loam soil (27% sand, 59% silt, 14% clay) at the experimental site belongs to the Monroe series, which are moderately well to well-drained, medium-textured, stone-free soils, classified as Eutric Eluviated Brunisols (Luttmerding 1981) . The study was conducted on plots that had been growing continuous silage corn for 9 years under either CT or ZT since 1997 with a pH of 6.1 over the study years. CT involved mouldboard ploughing at 25 cm depth, followed by 2-3 passes with tandem disks to a depth of 18-20 cm and light harrowing. There was little soil disturbance in the ZT plots except for the seed and fertilizer furrows made by the planter and slight compaction from the tractor tires. Samples taken in spring 2006 showed that there was significantly higher total C (13%) and total N (5%) concentrations in the 0-15 cm depth in the ZT soil than the CT soil from historic tillage treatments (Table 1) ; soil C and N were analyzed using the Dumas combustion method (CNS analyzer, LECO Corp., USA).
The experiment was arranged in a split-plot design with four replicates. The main plot treatments were the CT and ZT treatments. The subplot treatments (plot size 3 m × 6.5 m) included two types of urea fertilizer, conventional and a polymer-coated "control release" urea (ESN ® , Agrium Limited, Calgary, Alberta) referred to as CRU (44% N). The CRU is reported to release urea through the coatings over 60-90 days depending mostly on soil temperature. The fertilizers were applied by surface broadcasting at the rate of 150 kg N ha Grant et al. (2012) .
Nitrous oxide measurements
Emissions of N 2 O were monitored between 0900 and 1200 h for 12 months after the start of each trial. During the first week after planting and fertilizing, N 2 O emission measurements were made on alternate days to capture possible rapid changes in N 2 O fluxes. Measurements were taken twice a week for the next 2 weeks, and less frequently thereafter. Fluxes of N 2 O from the soil were Note: Standard deviations are in parentheses. a Samples for CT were taken between tire tracks immediately after cultivation in April 2006; value for CT just before cultivation was 1.26 (0.13).
b Samples were taken in January 2006; total C and N values are significantly different at p = 0.01. measured using vented square (60 cm × 60 cm) aluminum chambers (one per plot). The chamber collars (12 cm high) were installed in the soil (5-6 cm depth) occupying most of the area between corn rows. Collars were removed only for field operations such as harvesting and tillage and were reinstalled in the same location. Measurements were made by gently placing the vented lid (5 cm high) on the collar (water channel seal), and drawing 20 mL gas samples from inside the chamber with 30 mL syringes, then transferring the gas sample to 12 mL evacuated vials (Soda glass flat-bottomed vials; 101 mm × 15.5 mm in size). Gas samples from each chamber were collected at 0, 15, 30, and 45 min after sealing of chamber. At the end of each sampling period the lid was removed from the base.
The gas samples were analyzed using a Varian CP-3800 gas chromatograph (Varian Inc., Palo Alto, California) equipped with a 63 Ni-electron capture detector. Samples were checked frequently against standard gases, which were compared against one another and against standards in other government laboratories. N 2 O flux was calculated by quadratic or linear regression (choosing greater r 2 ) of the N 2 O concentration in the chamber over sampling time (Rochette and Bertrand 2008) . The slope of the nonlinear curve was calculated as the first derivative of the equation at time = 0. Moles of air in the chamber were calculated using the ideal gas law (n = PV/RT; where n is the number of moles of air, P is the atmospheric pressure (kPa), T is the temperature (K), R is the molar gas constant (8.314 m 2 kg s
and V is the volume of the chamber (L). The flux values were then converted to daily N 2 O emissions (g N 2 O-N ha −1 day −1 ) assuming that the morning measurements were representative of the average daily N 2 O flux. Cumulative annual N 2 O emissions were estimated by linearly interpolating data points between adjacent sampling dates. Emissions relative to N uptake and yield used data reported in Grant et al. (2012) . Emission factors for applied N were calculated as the N 2 O-N emissions from the plots receiving N minus the N 2 O-N emissions from the control plots divided by the amount of N applied, then multiplied by 100. On each N 2 O sampling day, soil temperature ( Fig. 2 ) was measured at 7.5 cm depth by a Digi-Sense thermocouple thermometer (Cole-Parmer Canada Inc., Canada). Soil gravimetric water content (0-15 cm) was measured by oven-drying at 105°C for 24 h (Fig. 3) and water-filled pore space (WFPS) was determined on ZT plots from soil bulk density values measured with 9.7-cm-diameter soil cores, based on previously determined particle density of 2.65 Mg m . There was inadequate bulk density data to determine WFPS for the CT plots. Also, on each sampling date, four 15-cm-deep soil samples were collected from each plot and combined for determining mineral N concentrations. The composite soil samples were airdried, ground to <2 mm particle size, extracted with 2 mol L −1 KCl by shaking for 1 h (1:10 soil:solution ratio).
The extracts were analyzed for NO 3 -and NH 4 + by flow injection using the colorimetric method (Star 5000, FOSS Analytical AB, Hoganas, Sweden).
Statistical analysis
The treatment effects on daily and cumulative annual N 2 O emissions were analyzed in each trial using the split-plot model, with tillage methods and N fertilizers as fixed effects and replicates as random effects (PROC Mixed; SAS Institute Inc. 2004 ). Emission data were tested for normality using the Shapiro-Wilk test prior to ANOVA, and a logarithmic transformation was applied to non-normal data; only the untransformed data are shown. Analyses over years were performed as repeated measures. Differences among means were tested with the Fisher Protected LSD. Significance levels were set a priori at p < 0.05
Results and Discussion
Temporal changes in N2O emissions
Fluxes of N 2 O increased soon after application of both N fertilizers in all treatments (Figs. 4 and 5) . The increase in emissions from urea was more rapid on ZT plots than on CT plots, and the increase was more rapid from urea than from CRU on ZT plots in 2006. In 2005, differences in emissions among treatments were apparent about 3 weeks after fertilizer application. There was little change in emissions from the unfertilized CT and ZT plots during the same period, so the rise in emissions in the N-treated plots was not due directly to changes in weather conditions or to tillage, although there was a slight increase in soil NH 4 + and NO 3 − concentrations in (Figs. 2 and 4) . Emissions from this treatment were significantly higher than any of the others in midMay and through most of June. Emissions from CRU on CT plots followed the same general pattern as under ZT but were lower than other N treatments in mid-May, indicating that the fertilizer coating initially reduced emissions under CT but had the opposite effect under ZT. Emissions from urea were generally similar under both tillage systems until the end of June, with a moderate peak in mid-May; from the end of June through most of July, emissions from urea were consistently higher for CT than ZT plots. Emissions in June through mid-July were higher for CRU than for urea under both tillage systems. Emissions from all fertilizer treatments were detectable but very low and not significantly different from the controls from the beginning of August until the end of the measurement period in April 2006. During this period soil NO 3 − concentrations were also low but measureable for all treatments (Fig. 7) . Note that we did not observe a springtime increase in N 2 O emissions often reported during spring thaw in Canadian studies, as there was limited soil freezing over winter at this location.
The emission pattern for all treatments was different in 2006 than in 2005. Urea and CRU under ZT had similar emissions until June when emissions from CRU increased and urea decreased (Fig. 5) . Through most of June, emissions from CRU were generally higher than urea under CT, while emissions from urea on ZT were the lowest among fertilizer treatments. Emissions from urea under both tillage systems were similar to controls after mid-June, while all treatments had very low tively, under CT. Emissions peaked earlier (May) with urea than CRU applications in both years. In both years it was apparent that emissions with CRU were higher than urea about a month after application, and this is consistent with a previous study on Vancouver Island, British Columbia, where weather patterns are similar to this study (Jassal et al. 2008 ). There have been other reports of delayed N 2 O emissions with application of CRU compared with urea, but this effect is not consistent across years and locations, although CRU frequently affects the magnitude of the emission peaks (Drury et al. 2012; Li et al. 2012; Zebarth et al. 2012 
Effect of soil conditions on emissions
The contrasting tillage treatments over 9 years resulted in differences in total soil N, C, and C:N ratio despite the relatively small amount of crop residue returned to the soil, indicating that ZT helped to preserve soil organic N and C in the 0-15 cm soil depth (Table 1 ). Higher soil organic matter, particularly if it is close to the soil surface due to stratification, may contribute to more urease activity near the surface. This could lead to faster and greater release of NH 4 + and greater potential for NH 3 volatilization, especially for the untreated urea, leaving more mineral N for denitrification from the CRU. Also, greater amounts of soluble C near the soil surface of the ZT plots would support greater denitrification. There was no apparent difference in soil temperature between tillage treatments in this study (Fig. 2) , and this is likely related to very little crop residue and frequent spring rains that minimized differences in soil moisture for the tillage treatments until July in both years (Fig. 3) . The dip in N 2 O emissions observed in late May in 2005 coincided with a period of somewhat cooler soil temperatures. Lower soil moisture in CT than ZT plots starting in August in 2005 and July 2006 was associated with lower precipitation during these periods; there was likely less surface evaporation and more upward movement of water in the ZT than CT soils due to higher bulk density in the former. The Patterns of soil NO 3 − concentrations varied greatly in the 2 years (Fig. 7) . In 2005, soil NO 3 − concentrations increased from the time of fertilizer applications, peaked in June then declined to the end of August due to mainly crop growth and N uptake during this period.
There was a slight increase in soil NO 3 − in late summer in CRU but not urea plots, suggesting the release of urea that had remained within the coated prills; we did not detect a corresponding increase in N 2 O emissions at this time. In 2006, there was a similar rise in soil NO 3 − in May, but soil NO 3 − levels in all treatments remained relatively high until October. The soil dried out considerably more in the summer of 2006 than 2005 (Fig. 3 ) and this slowed crop growth and led to lower N recovery by the crop in 2006, as previously reported in Grant et al. (2012) . Soil NO 3 − increased for all N treatments with the rise in soil moisture in September but especially CRU on ZT, suggesting that less N had been released by the fertilizer coating prior to this time (Figs. 3 and 7) . Soil NO 3 − declined sharply in October with the resumption of rain (Fig. 1) . There was no increase in emissions for any treatment associated with the elevated concentrations in soil NO 3 − in September to November in 2006. It is evident from the figures that the high emissions rates by CRU on ZT plots cannot be explained directly by higher concentrations of soil NO 3 − or soil NH 4 + concentrations. In fact, soil NO 3 − concentrations were generally somewhat higher for CT than ZT through May and June perhaps due to some N released from tillage, although tillage had no effect on soil NO 3 − in the control treatments. In both years, most of the emissions for all treatments occurred in June (smaller amounts in May and July), so overall residency time of mineral N in the soil would not predict emissions in contrast to other studies ).
The relationships between soil parameters and N 2 O emissions are not easily teased out because the factors including soil NO 3 − , soil temperature, and soil moisture that are known to affect emissions are not independent in field trials. Relationships are also difficult to discern in field studies due to large spatial variability in N 2 O emissions and concentrations of soil mineral. Figure 8 shows that high N 2 O emission in both years occurred only when gravimetric soil moisture was near 30% and soil temperature was near 18-20°C. However, low emission also occurred under similar soil temperatures and moistures. Cooler, drier, and wetter soils were associated with low emissions. High emissions were associated with soil mineral N above 35 mg kg −1 but there were also low emissions at these concentrations (Fig. 9) . Figure 10 shows the relationship between N 2 O emission and WFPS for the ZT treatments. The ZT treatment had the greatest daily N 2 O emissions, and it is evident that these occurred only when WFPS was between 75 and 90%, but there were also many low emissions in this range. Figures 8 and 9 indicate that under the trial conditions, for high emissions to occur these conditions were met: ∼30% of soil gravimetric water content, ∼18-20°C soil temperature, and at least 35 mg kg −1 soil inorganic N, and for ZT, 75-90% WFPS. Total emissions of N 2 O will depend on how long these combinations of conditions persist. We speculate that the scarcity of high emission values under CT is due to the lower values for WFPS or more specifically that high WFPS did not coincide with favorable soil mineral N and temperature (Linn and Doran 1984) . 
Annual emissions and emission factors
Broadcasting fertilizer application may result in more N loss by NH 3 volatilization and less favorable conditions for N 2 O emissions than subsurface banding, and these factors may help to explain lower emission rates here than reported by Drury et al. (2012) . Cumulative emissions were generally lower in 2006-2007 than in 2005-2006 probably due to the drier conditions after late June (Table 2, Fig. 3 ). Averaged over the 2 years, tillage had no significant effect on cumulative annual N 2 O emissions, but both N fertilizer and N fertilizer × tillage interactions were significant (Table 3) concentrations. It should be noted that the same pattern occurred in 2 years with quite contrasting weather conditions and corn yields (Table 4) . Interaction between N fertilizer and tillage has been reported for ESN ® -type CRU, with CRU often having lower emissions perhaps because N release is delayed until there is more N uptake or because the soil is drier when the N is available in the soil (Drury et al. 2012 ). More often, this CRU product either reduces emissions relative to urea under a range of conditions including tillage practices, or it has no effect (Soon et al. 2011; Li et al. 2012; ) , or in a few cases, there are reports of possible increased emissions associated with increased soil mineral N availability, suggesting increased risk of N loss . Soon et al. (2011) suggested that the merits of this CRU product depends on the metrics used, namely by land area or by crop N uptake. In our study there was not a strong effect of N fertilizers on yield or N uptake (Table 4) , reported previously in Grant et al. (2012) , so as expected there was a similar pattern of response of N 2 O to these factors whether based on land area, crop yield, or crop N uptake (Tables 2 and 4 ). The consistency of this observation over the 2 years is important because of the contrasting conditions, crop yield, and crop N uptake . Under ZT, total annual emissions over the 2 years ranged from 8.8 to 10.3 and from 4.0 to 4.1 g N 2 O-N kg −1 N uptake for the CRU and urea fertilizers, respectively. Similarly, there were higher emissions per whole crop dry matter yield from ZT than from CT; under ZT, CRU emitted significantly more than urea (90.3 and 77.9 vs. 31.7 and 37.4 g N 2 O-N Mg −1 yield) for the 2 years. It is interesting that emissions per N uptake Table 2 ). The emission factors for CRU under CT (0.33 and 0.19%) were not significantly different from urea. Under ZT, emission factors were significantly higher for CRU (0.65 and 0.36% for 2005-2006 and 2006-2007, respectively) than for urea (0.09 and 0.13%, respectively). Even the high emission factor for CRU under ZT is substantially lower than the default Intergovernmental Panel on Climate Change factor of 1.0% for N fertilizers. Our values were much lower than those reported for urea and CRU (5%) used in a forest with a similar climate and measured either with automated chambers or a micrometeorological gradient method (Jassal et al. 2008) . Emission factors for N applied to silage corn on silty loam soil in this study are intermediate between those reported for a 180-day measurement interval by van Groenigen et al. (2004) for sand and clay soils in the Netherlands. Relatively low N 2 O emissions in this study were the results of medium-textured soil, low amounts of C from crop residue, the fact that high soil moisture generally coincided with either cool temperatures or low soil mineral N and that high soil temperature often coincided with low moisture or low soil mineral N. Also, there was no spike in emissions in spring due to the absence of a significant freeze-thaw cycle.
Conclusions
This study provides one of few reports of N 2 O emissions from silage corn crops and is the first to report an emission factor for fertilizer N in silage corn based on year-round measurements; silage corn differs agronomically from grain corn because little residue is left in the field and returned to the soil. The study was conducted after 9-10 years of uninterrupted production of silage corn on CT and ZT, allowing the effect of CRU and urea applications on N 2 O emissions to be assessed under the full influence of tillage treatments, which is not possible in studies where the tillage treatments are newly imposed. We found no overall effect of tillage on emissions of N 2 O, but applications of CRU produced much higher emissions under ZT than CT. Emission factors for all treatments were well below IPCC values despite the generally high soil moisture environment and relatively high C content of the soils probably because the window for high emissions was fairly brief, lasting fewer than 2 months. In this study, high emissions occurred when there was a coincidence of high soil moisture, temperature, and mineral N concentrations, and in the case of ZT when WFPS ranged from 75 to 90%. These factors occurred only in a period between mid-May and July, depending on the year. CRU under ZT also had higher N 2 O emissions per unit plant N uptake and yield compared with other treatments. Overall, dry soils in summer, crop N uptake prior to summer, and relatively cool soil temperatures are the probable reasons for lower than expected emission rates. The results demonstrate that the release time of CRU in relation to soil physical and chemical conditions will determine the way it affects N 2 O emissions. The results refute the notion that CRU will necessarily have lower emissions than urea because it limits the residency of mineral N in the soil. Therefore, we conclude that it is important to carefully assess the consequences of delaying the release of N into the soil on corresponding N 2 O emissions and yield. Grant et al. (2012) . For each column, values not followed by the same letter are significantly different (p < 0.05).
